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We report on the ﬁrst experimental results for microwave spectroscopy of the hyperﬁne structure of
p3He+. Due to the helium nuclear spin, p3He+ has a more complex hyperﬁne structure than p4He+,
which has already been studied before. Thus a comparison between theoretical calculations and the
experimental results will provide a more stringent test of the three-body quantum electrodynamics
(QED) theory. Two out of four super-super-hyperﬁne (SSHF) transition lines of the (n, L) = (36,34)
state were observed. The measured frequencies of the individual transitions are 11.12559(14) GHz and
11.15839(18) GHz, less than 1 MHz higher than the current theoretical values, but still within their
estimated errors. Although the experimental uncertainty for the difference of these frequencies is still
very large as compared to that of theory, its measured value agrees with theoretical calculations.
This difference is crucial to be determined because it is proportional to the magnetic moment of the
antiproton.
© 2011 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
It was observed for the ﬁrst time at KEK in Japan in 1991
[1] that antiprotons stopped in helium can survive for several mi-
croseconds.
If an antiproton is approaching a helium atom at its ionization
energy (24.6 eV) or below, the antiproton can eject one of the two
electrons from the ground state of the helium atom, replace it and
thus get captured. This exotic, metastable three-body antiprotonic
helium, i.e. pHe+ , consists of one electron in the ground state, the
helium nucleus and the antiproton [2–4]. The atoms occupy circu-
lar states with L close to n, where L is the angular momentum
quantum number and n the principal quantum number. The elec-
tron remains in the ground state. The antiproton is, due to its high
mass, most likely to be captured into states with high angular mo-
mentum, i.e. n = n0 ≡ √M∗/me ∼ 38, M∗ being the reduced mass
of the system.
About 97% of these exotic atoms ﬁnd themselves in states
dominated by Auger decay and ionize within a few nanoseconds
because of the Auger excitation of the electron. Afterwards, the re-
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Open access under CC BY-NC-ND license.maining antiprotonic helium ion undergoes Stark mixing due to
the electric ﬁeld of the surrounding helium atoms. The antiprotons
then annihilate within picoseconds with one of the nucleons of the
helium nucleus because of the overlap of their wave functions.
Only 3% of the antiprotonic helium atoms remain in metastable,
radiative decay-dominated states. In this case, the change of orbital
angular momentum in the Auger transition is large and thus Auger
decay is suppressed. Consequently, these states are relatively long
lived, having a lifetime of about 1–2 μs. This time window can be
used to do microwave spectroscopy measurements.
2. Hyperﬁne structure of antiprotonic helium
The interaction of the magnetic moments of its constituting
particles gives rise to a splitting of the p3He+ energy levels. The
coupling of the electron spin Se and the orbital angular momen-
tum of the antiproton L leads to the primary splitting of the
state into a doublet structure, referred to as hyperﬁne (HF) split-
ting. The quantum number F = L + Se deﬁnes the two substates as
F+ = L + 12 and F− = L − 12 . The non-zero spin of the 3He nucleus
causes a further, so-called super-hyperﬁne (SHF) splitting, which can
be characterized by the quantum number G = F +Sh = L+Se+Sh,
where Sh is the spin of the helium nucleus. This results in four
SHF substates. At last, the spin–orbit interaction of the antiproton
2 S. Friedreich et al. / Physics Letters B 700 (2011) 1–6Fig. 1. A schematic drawing of the laser–microwave–laser method. The dashed ar-
rows indicate the laser transitions between the SHF levels of the radiative decay-
dominated state (n, L) = (36,34) and the Auger decay-dominated state (n, L) =
(37,33) of p¯3He+ . The wavy lines illustrate the microwave-induced transitions be-
tween the SSHF levels of the long-lived state.
orbital angular momentum and antiproton spin S p¯ in combination
with the contact spin–spin and the tensor spin–spin interactions
between the particles result in a further splitting of the SHF states
into eight substates – as illustrated in Fig. 1 – which we call super-
super-hyperﬁne (SSHF) splitting. This octuplet structure can be de-
scribed by the quantum number J = G + S p¯ = L + Se + Sh + S p¯ .
Even though the magnetic moment of the antiproton is larger than
that of the 3He nucleus, the former has a smaller overlap with the
electron cloud. Therefore it creates a smaller splitting.
In p4He+ , however, where the 4He nucleus has zero spin, only
a quadruplet structure is present. The hyperﬁne structure of the
(n, L) = (37,35) state of p4He+ was already extensively studied.
Through comparison of the experimental results to state-of-the-
art three-body QED calculations a new experimental value for the
spin magnetic moment of the antiproton was obtained as μp¯a =
2.7862(83)μN [5], where μN is the nuclear magneton. This is more
precise than the previous measurement by Kreissl et al. [6]. The
agreement with μpa was within 0.24% [7,8].
New microwave spectroscopy measurements with p3He+ were
started, studying the state (n, L) = (36,34). It was the ﬁrst attempt
to measure the microwave transition frequencies of antiprotonic
3He. Transitions between the SSHF states can be induced by a mag-
netic ﬁeld oscillating in the microwave frequency range. Due to
technical limitations of the microwave input power, only the tran-
sitions which ﬂip the spin of the electron can be measured. There
are four such “allowed” SSHF transitions for the (n, L) = (36,34)
state of p3He+ , of which we report on two:
ν−−HF : J−−− = L −
3
2
→ J+−− = L − 1
2
,
ν−+HF : J−−+ = L −
1
2
→ J+−+ = L + 1
2
. (1)
The interest in p3He+ arose from its more complex structure
due to the additional coupling of the nuclear spin with the antipro-
ton orbital angular momentum. Such a measurement will allow amore rigorous test of theory. The theoretical calculations have been
developed by two different groups [9–11]. The hyperﬁne structure
for p3He+ has been calculated by V. Korobov [12] with the most
accurate variational wave functions.
3. Laser–microwave–laser spectroscopy
The experimental technique is a three-step process, referred to
as laser–microwave–laser spectroscopy (Fig. 1).
After antiprotonic helium is formed, the atoms in the hyperﬁne
substates are all equally populated. Therefore, at ﬁrst a population
asymmetry between the SSHF substates of the measured radiative
decay state (n, L) needs to be created. This depopulation is induced
by a short laser pulse, which transfers the majority of the antipro-
tons from one of the HF states of the radiative decay-dominated,
metastable parent state to the Auger decay-dominated, short-lived
daughter state ( f + transition in Fig. 1). The bandwidth of the laser
is narrow enough so that the f − transition is not excited. Thus
the antiprotons in the other HF state are not affected, which re-
sults in the desired population asymmetry. The antiprotons in the
short-lived daughter state annihilate within a few nanoseconds.
Afterwards, a microwave frequency pulse, tuned around the tran-
sition frequency between two SSHF (p3He+) states of the parent
state, is applied to the antiprotonic helium atoms. If the microwave
ﬁeld is on resonance with one of the SSHF transitions, this will
cause a population transfer and thus a partial reﬁlling of one of
the previously depopulated states. Then, a second laser pulse is
applied again to the same transition ( f +) as before, which will
again result in subsequent Auger decay of the transferred atoms
and annihilation of the antiprotons. Thus the number of annihila-
tions after the second laser pulse will be larger if more antiprotons
were transferred by the microwave pulse.
The annihilation decay products – primarily charged pions, but
also electrons and positrons – resulting from the decay of the
daughter state after the two laser pulses, are detected by two
Cherenkov counters (see Section 4).
Prior to the ﬁrst laser-induced population transfer a large an-
nihilation peak (prompt) is caused by the majority of pHe+ atoms
which ﬁnd themselves in Auger decay-dominated states and anni-
hilate within picoseconds after formation. At later times, this peak
exhibits an exponential tail due to pHe+ atoms in the metastable
states cascading more slowly towards the nucleus. This consti-
tutes the background for the laser-induced annihilation signals. As
mentioned above, the daughter state has a very short lifetime of
∼10 ns and thus the population transfer is indicated by a sharp
annihilation peak against the background during the two laser
pulses. The area under these peaks is proportional to the popula-
tion transferred to the Auger decay-dominated state. This spectrum
is called an analogue delayed annihilation time spectrum or ADATS.
The spectrum with the two laser-induced peaks super-imposed on
the exponential tail is displayed in Fig. 2.
Since the intensity of the antiproton pulse ﬂuctuates from shot
to shot, the peaks must be normalised by the total intensity of the
pulse (total). This ratio is referred to as peak-to-total. The peak-to-
total (ptt) corresponds to the ratio of the peak area (I(t1) or I(t2))
to the total area under the full spectrum (see Fig. 2). If the second
laser annihilation peak is further normalised to the ﬁrst one, the
total cancels out. The frequencies of the two SSHF transitions can
now be obtained as distinct lines by plotting I(t2)I(t1) as a function of
the microwave frequency. The ratio I(t2)I(t1) is largely independent of
the intensity and position of the antiproton beam. The height of
the microwave spectrum lines depends on the time delay between
the two laser pulses and collisional relaxation effects which are
estimated to be 1 MHz at 6 K [13].
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laser-stimulated annihilation peaks against the exponentially decaying background
of the metastable cascade. T denotes the delay time between the two laser pulses.
The photomultipliers are gated off during the initial p pulse arrival [14]. Thus the
prompt peak is cut off and only the annihilations due to the metastable state de-
population are recorded.
For these measurements the two pulsed lasers were ﬁxed to a
wavelength of 723.877 nm (see Section 5), with a pulse length of
10–12 ns, to induce the f + laser transition between the (n, L) =
(36,34) and the (n′, L′) = (37,33) state. The laser ﬂuence was
in the range of 20–40 mJ/cm2, the laser waist ∼5 mm, leading
to a depletion eﬃciency of about 50%. There are several limita-
tions to the choice of the measured state, such as availability of
a laser source in the required frequency range or the splitting of
the transitions between the HF states of the daughter and the par-
ent state. The laser transition between the (n, L) = (36,34) and the
(n′, L′) = (37,33) state was chosen because it is easily stimulated
and the primary population is large, thus leading to a large signal.
The captured fraction of antiprotons for the measured metastable
state (n, L) = (36,34) is (3–4) × 10−3 [15].
4. Experimental setup
The antiprotons for the experiment were provided by the AD
(Antiproton Decelerator) at CERN [16], with a pulsed beam of
(1–3) × 107 antiprotons at an energy of 5.3 MeV and a repeti-
tion rate of about 100 s. The particles were stopped in a helium
gas target, cooled down to a temperature of about 6 K. The usual
gas pressure was in the range of 150–500 mbar. The gas target
was a cylindrical chamber, which also acted as a microwave reso-
nance cavity. In order to measure the annihilation decay products
two Cherenkov counters were mounted around the target volume.
The resulting photons are detected by photomultipliers, which are
gated off during the initial p pulse arrival [14]. The microwave
pulse was synthesized by a vector network analyzer (VNA, Rhode &
Schwarz ZVB20) and ampliﬁed by a traveling wave tube ampliﬁer
(TWTA, TMD PTC6358). A waveguide system then transmitted the
microwave pulse of ∼20 μs to the cavity. Fig. 3 gives an overview
of the central part of the setup.
The experimental method and the general design of the setup
were the same as for p4He+ [17]. However, a new cryostat with
compressor-based cooling system was built, which led to improve-
ments of the operation and more eﬃcient use of the measurement
time. The microwave cavity was now cooled directly by mounting
it on a coldhead. Only the cavity was ﬁlled with the helium gas
and by means of the coldhead cooled down to about 6 K. Liquid
nitrogen and liquid helium were no longer needed for the coolingFig. 3. Drawing of the central part of the experimental setup, a cross-section of the
cryostat.
process. The temperature stabilization was much faster compared
to the old system. The cryostat could be operated continuously and
thus saved ∼10% of beamtime previously needed for reﬁlling of
the cryogenic coolants.
Out of the four “allowed” SSHF transitions of the state (n, L) =
(36,34) of p3He+ , two of them lie within 32 MHz from each
other. Therefore, these two transitions can be measured with a sin-
gle cavity with a resonance frequency of 11.14 GHz, which is in
the middle between the two SSHF transition frequencies. For the
other two transitions another cavity with a resonance frequency of
16.13 GHz will be used in the future.
The cavity was built of brass, which has proven to be the opti-
mum combination of machinability and thermal conductivity and
is further non-magnetic. The central frequency of a cylindrical mi-
crowave cavity is deﬁned by its dimensions – length l and radius r.
The cavity used for the measurements of the 11 GHz transitions
has a radius of 16.19 mm and a length of 26.16 mm. It is ori-
ented in a way that the antiproton beam and the laser beam enter
along the axis of the cavity. Two stainless steel meshes (transmis-
sibility >90%, 250 μm thick, wire thickness 0.05 mm, wire distance
0.75 mm) on both faces of the cylinder conﬁne the radio-frequency
ﬁeld inside the cavity, still allowing the laser and the antiprotons
to enter the target.
Radius and length – and their ratio ( 2rl )
2 – also determine
which ﬁeld modes can resonate inside the cavity and at which fre-
quency. For this experiment the transverse magnetic mode TM110
for a cylindrical cavity has been chosen, which is parallel to the
axis of the cylindrical cavity and independent of the cavity length,
i.e. on the direction of the antiproton beam. It is useful to have a
homogeneous ﬁeld over a large range in the direction of the an-
tiproton beam in order to be less sensitive to the stopping region
of the antiprotons in the gas. It is also desirable that the ﬁeld dis-
tribution is uniform over the region where the laser is applied –
which is usually smaller than the diameter of the slowed down
antiproton beam to achieve suﬃcient laser power density. Further,
the size of the homogeneous resonating ﬁeld in transverse direc-
tion to the beam should be comparable to the stopping distribution
of the antiprotons.
A broad resonance of the cavity is necessary to allow scanning
over a large enough frequency range in order to measure both
SSHF transitions with the same cavity at an equal power level [17].
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the two laser transitions f + and f − between the HF states of the parent and the
daughter state, at a target pressure of 250 mbar. The peaks are ﬁtted with four Voigt
functions referring to the four “allowed” E1 transitions between the SHF states of
the parent state (refer to Fig. 1). The arrows indicate the corresponding theoretical
transition frequencies.
The ﬁeld is measured with a small (∼2 mm) pin antenna opposite
to the waveguide input. Thus the power in the cavity was moni-
tored and the input power adjusted for every frequency point, with
a power ﬂuctuation of ∼16% over the frequency range. The only
drawback is that considerably high input power, i.e. up to 200 W,
might be required.
To obtain a suﬃciently broad resonance with a FWHM of at
least 100 MHz the cavity is over-coupled to the waveguide sys-
tem through an iris, a rectangular aperture in the cavity. The iris
of the 11 GHz target has a size of 7 × 8 mm, the longer side in
radial direction. This way the resonance width of the cavity was
∼140 MHz. These are ﬁxed parameters of the setup. When design-
ing the target, the width of the resonance can be optimized by
changing the iris dimensions – and consequently also the central
frequency shifts, which can be readjusted by changing the radius.
The length may also have to be adapted in order to exclude inter-
ferences with other ﬁeld modes. In particular the iris size is crucial
for a successful measurement since it may cause polarization de-
generation of the mode in the cavity. The whole microwave part of
the setup was designed using the High Frequency Structure Simu-
lator (HFSS) Software [18].
5. Results
First, a scan over the laser frequency range was done to deter-
mine the frequency offset and the splitting of the two HF lines (see
Fig. 4) to ensure that only one of the two hyperﬁne levels of the
(n, L) = (36,34) state is depopulated by laser stimulation.
The splitting is  f = 1.72 ± 0.03 GHz, similar to the transi-
tion at ∼726.090 nm in p4He+ , with a splitting of  f = 1.75 ±
0.01 GHz. Due to the different SSHF energy level spacings, one of
the laser transition peaks has a lower amplitude and larger width.
Each of these peaks consists of another two sub-peaks, correspond-
ing to transitions from one SHF substate of the parent state to the
same SHF substate of the daughter state. Two of the four SHF sub-
states, respectively, are lying close enough to each other to have a
frequency difference smaller than the laser linewidth (∼100 MHz)
and the Doppler width (∼300 MHz) and can thus not be resolved
while the other two lines have a splitting in the range of the
broadening and thus result in a smaller and broader peak.
The measurements were all performed with a delay time T be-
tween the two lasers of 350 ns and a target pressure of 250 mbar.
These parameters shall provide a ﬁrst comparison with results in
p4He+ . A study at different laser delay times and target pressures
is planned to be done in the future.Fig. 5. Scan over the microwave frequency for two of the four SSHF transitions for
the (n, L) = (36,34) state of p3He+ , at a target pressure of 250 mbar. Each transi-
tion is ﬁtted with Eq. (2) (solid lines). The frequencies of the measured transitions
are 11.12559(14) GHz and 11.15839(18) GHz. The dashed curve shows a simulation
using collision rates obtained from comparison between experiment and simulation.
Two of the four allowed SSHF resonance transitions in p3He+
could be observed. The scans of the two microwave-induced tran-
sitions are displayed in Fig. 5. They were both ﬁtted with the
function of their natural line shape. For a two-level system, which
is affected by an oscillating magnetic ﬁeld for a time T , the line
shape is given by [19]
X(ω) = A |2b|
2





[|2b|2 + (ω0 − ω)2] 12 T
}
. (2)
Here X(ω) is the probability that an atom is transferred from one
HF state to the other, ω is the angular frequency of the magnetic
ﬁeld and ω0 is the angular frequency of the transition between
the two energy levels. A = 1 in an ideal two-level system. Thus
A is a scaling term added for the ﬁtting procedure. It takes into
account the fact that the real system is not an ideal two level
one. The parameter b = Ω/2 is a time independent part of the
transition matrix elements between two energy levels, with the
Rabi frequency Ω . In the case of a complete π -pulse, one obtains
|b|T = π/2. This is referred to as the optimum case, since together
with X(ω) = 1 at resonance this gives the smallest width for the
transition line, Γ = 0.799T [19]. The Fourier transform of the rect-
angular microwave pulse gives a lower limit for the transition line
width.
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The ﬁrst experimental results for the ν−−HF and ν
−+
HF in comparison with three-body QED calculations, where νHF denote the SSHF transition frequencies, δexp is the relative
error of the measured frequencies and Γ the resonance line width. The theoretical precision is ∼5 × 10−5.
νexp (GHz) δexp (ppm) Γ (MHz) Korobov [12,21] νth-exp (ppm) Kino [11] νth-exp (ppm)
ν−−HF (GHz) 11.125 59(14) 13 2.08(22) 11.125 00(55) −53 11.125 15(55) −39
ν−+HF (GHz) 11.158 39(18) 16 1.92(19) 11.157 73(55) −59 11.157 56(55) −74
ν±HF (GHz) 0.03279(22) 0.0327219(16)From the ﬁt, the frequencies for the measured ν−−HF and ν
−+
HF
transitions can be obtained. All relevant results are summarized in
Table 1. For a pulse of length T = 350 ns the expected width is
Γ = 2.28 MHz [19], which is roughly in agreement with the mea-
surement. In order to determine the optimum power to induce
an electron spin ﬂip and thus the maximum population transfer
between two SSHF states, the signal was tested at several differ-
ent microwave powers. The ν−−HF transition was measured with a
power of about 10 W and the ν−+HF transition at about 7.5 W. The





πa2dω J ′21 (p11)
(3)
for the magnetic ﬁeld in a cylindrical cavity with radius a and
length d. The resonance frequency is denoted ω, J ′21 (p11) is a
ﬁrst root of Bessel function J1(x), P is the microwave power and
Q is the measured value for the coupling factor of the cavity.
This leads to an average oscillating magnetic ﬁeld amplitude B0 of
0.24(4)×10−4 T and 0.19(3)×10−4 T, respectively, inside the mi-
crowave cavity. The Rabi frequency Ω = μB0h¯ , with μ denoting the
calculated averaged magnetic dipole moment, is dependent on the
microwave power. Using the values for the magnetic ﬁeld and the
magnetic dipole moment, we obtain a Rabi frequency in the range
of 10 MHz for both powers. This is also in agreement with the re-
sults using the relations |b|T = π/2 and b = Ω/2. The microwave
power has to be chosen to achieve a complete π -pulse. Due to lack
of time for more accurate power studies the two transitions have
been measured at only one power each, which are slightly differ-
ent from each other. These measurements will have to be repeated
with improved statistics.
There were also systematic effects, which had to be considered.
The largest inﬂuence was due to the shot-to-shot ﬂuctuations of
the antiproton beam. These effects were reduced by normalising
to the total intensity of the pulse and further normalising the sec-
ond annihilation peak to the ﬁrst one (refer to Section 3). Therefore
mainly shot-to-shot ﬂuctuations of the microwave power and devi-
ations in the laser position and ﬂuence from day to day – although
considerably smaller – contributed to the error quoted in Table 1.
These contributions cannot be assessed individually. They are con-
tained in the error obtained from the ﬁt. The experiment has been
numerically simulated by solving the optical Bloch equations in or-
der to estimate important measurement parameters, in particular
the required microwave power and the signal-to-noise ratio. The
Bloch equations describe the depopulation of states, in this exper-
iment induced by laser light and microwave radiation and under
the inﬂuence of collisional effects. For most parameters, such as
microwave power, Q value and laser delay, the measured values
were taken. The rates of collisional effects – inducing relaxations
between the SSHF states – were obtained from adjusting the simu-
lation to the experimental results for the ν−−HF resonance, and they
are comparable to the values for p4He+ . Fig. 5 shows the results
of the simulations in comparison to the ﬁtted measurement data.
The numerical simulations are explained in detail in [20].The measured hyperﬁne transition frequencies agree with the-
ory [12] within less than 1 MHz. The current precision of ∼20 ppm
is still worse than for the most recent results with p4He+ , which
gave an error of 3 ppm for the individual transition lines [5]. Due
to limitations in antiproton beam quality this precision for p4He+
is not likely to be improved anymore. However, it is also unlikely
to achieve an error for p3He+ as small as for p4He+ . There are
eight instead of four SSHF energy levels in p3He+ and thus the
measured signal will be only about half of the signal obtained for
p4He+ . Therefore much higher statistics would be required.
A comparison of the theoretical values for the two SSHF tran-
sitions at 11 GHz with the measurement results shows that there
is a small shift in frequency towards higher values for both tran-
sitions. The frequency difference νth-exp between theory and ex-
periment is ∼0.6 MHz for ν−−HF and ∼0.7 MHz for ν−+HF respec-
tively. According to V. Korobov [21], this discrepancy is most likely
due to the theoretical limits of the Breit–Pauli approximation that
has been used for the calculations. The relative error of the theo-
retical frequencies is estimated to be α2 = 5×10−5. The theoretical
error for the frequency difference between theory and experiment
would then be ∼0.6 MHz. Together with the experimental error
of ∼0.2 MHz there is agreement between experiment and theory.
Higher order correction terms need to be calculated to improve the
theoretical results. The work on these calculations is in progress
[21].
A density dependent shift could also contribute to this devia-
tion. The density dependence is found to be much smaller for the
M1 transitions, the electron spin ﬂip transitions induced by the
microwave, than for the E1 transitions induced through laser stim-
ulation [8]. For p4He+ theoretical calculations of Grigory Korenman
[22,23] conﬁrmed that the density dependence is very small. Also
for p3He+ theory predicts a collisional shift much smaller than our
error bars [13].
The deviation between the experimental and theoretical values
for the frequency difference ν±HF = ν−+HF − ν−−HF between the two
SSHF lines at 11 GHz is 68 kHz out of 32 MHz. This difference
is important due to its proportionality to the magnetic moment
of the antiproton. The error of the theoretical value for ν±HF is
1.6 kHz, which is considerably smaller than the error of 220 kHz
for the value obtained from the measured transitions. The reason
is that in theory the splitting between the transition lines can be
calculated directly and the errors are the same for all transitions
within the hyperﬁne structure whereas the experimental value of
the splitting is received from the difference of the single transi-
tion lines. Even though the experimental error is much larger than
the theoretical one, there is agreement between theory and exper-
iment within their errors.
6. Conclusions
We have reported on the ﬁrst microwave spectroscopic mea-
surement of the hyperﬁne structure of p3He+ .
Two of the four favoured SSHF resonance transitions in p3He+
were observed and are in agreement with theory [12] within the
estimated theoretical error. Also the frequency difference ν±HF
6 S. Friedreich et al. / Physics Letters B 700 (2011) 1–6agrees with theoretical calculations. However, the experimental er-
ror for ν±HF is still very large compared to theory.
A systematic study of these transitions and improved statis-
tics will allow a higher precision, in particular for the frequency
difference between the SSHF transition frequencies, for which the
experimental error is still considerably larger than the theoretical
error. It is further planned to measure also the two SSHF tran-
sitions at 16 GHz. The density dependence should be tested and
different laser delay timings and microwave powers will be stud-
ied.
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